The new vertical neutron beam line at the CERN n_TOF facility design and outlook on the performance by Weiß, C. et al.
The new vertical Neutron Beam Line at the CERN n TOF Facility
Design and Outlook on the Performance
C. Weißa,∗, E. Chiaveria, S. Giroda, V. Vlachoudisa, O. Aberlea, S. Barrosb, I. Bergstro¨ma, E. Berthoumieuxc, M. Calviania,
C. Guerrerod,a, M. Sabate´-Gilarted,a, A. Tsinganisa,e, J. Andrzejewskif, L. Audouing, M. Bacakh, J. Balibrea-Correai,
M. Barbagalloj, V. Be´caresi, C. Beinruckerk, F. Bellonic, F. Becˇva´rˇl, J. Billowesm, D. Bosnarn, M. Bruggera, M. Caaman˜oo,
F. Calvin˜op, D. Cano-Otti, F. Ceruttia, N. Colonnaj, G. Corte´sp, M.A. Corte´s-Giraldod, L. Cosentinoq, L. Damonej, K. Deor,
M. Diakakie, C. Domingo-Pardos, E. Dupontc, I. Dura´no, R. Dresslert, B. Ferna´ndez-Domı´nguezo, A. Ferraria, P. Ferreirab,
P. Finocchiaroq, R. Frostm, V. Furmanu, S. Ganesanr, A. Gheorghev, T. Glodariuv, K. Go¨belk, I.F. Gonc¸alvesb,
E. Gonza´lez-Romeroi, A. Goverdovskiw, E. Griesmayerh, F. Gunsingc, H. Haradax, T. Heftrichk, S. Heinitzt,
A. Herna´ndez-Prietoa,p, J. Heysey, D.G. Jenkinsz, E. Jerichah, Y. Kadia, F. Ka¨ppeleraa, T. Katabuchiab, P. Kavriginh, V. Ketlerovw,
V. Khryachkovw, A. Kimurax, N. Kivelt, M. Kokkorise, M. Krticˇkal, E. Leal-Cidonchao, C. Ledererac,k, H. Leebh, J. Lerendeguid,
M. Licataad,ae, S. Lo Meoae,af, D. Lo´pezi, R. Lositoa, D. Macinaa, J. Marganiecf, T. Martı´nezi, C. Massimiad,ae, P.F. Mastinuag,
M. Mastromarcoj, F. Matteucciah, E. Mendozai, A. Mengoniaf, P.M. Milazzoah, F. Mingronead,ae, M. Mireav, S. Montesanoa,
A. Musumarraq,ai, R. Nolteaj, R. Palomo Pintod, C. Paradelao, N. Patronisak, A. Pavlikal, J. Perkowskif, I. Porrasa,am, J. Praenad,
J.M. Quesadad, T. Rauscheran, R. Reifarthk, A. Riego-Perezp, M.S. Robleso, C. Rubbiaa,ak, J. Ryanm, A. Saxenar,
P. Schillebeeckxy, S. Schmidtk, D. Schumannt, P. Sedyshevu, G. Smithm, A. Stamatopoulose, P. Steineggert, S.V. Suryanarayanar,
G. Taglientej, J.L. Tains, A. Tarifen˜o-Saldivias, L. Tassan-Gotg, S. Valental, G. Vanniniad,ae, V. Varialej, P. Vazb, A. Venturaae,
R. Vlastoue, A. Wallnerao, S. Warrenm, M. Weigandk, T. Wrightm, P. Zˇugecn,
(The n TOF Collaboration (www.cern.ch/ntof))
aEuropean Organization for Nuclear Research (CERN), Geneva, Switzerland
bInstituto Tecnolo´gico e Nuclear, Instituto Superior Te´cnico, Universidade Te´cnica de Lisboa, Lisboa, Portugal
cCommissariat a` l’E´nergie Atomique (CEA) Saclay - Irfu, Gif-sur-Yvette, France
dUniversidad de Sevilla, Spain
eNational Technical University of Athens (NTUA), Greece
fUniwersytet Ło´dzki, Lodz, Poland
gCentre National de la Recherche Scientifique/IN2P3 - IPN, Orsay, France
hAtominstitut, Technische Universita¨t Wien, Austria
iCentro de Investigaciones Energeticas Medioambientales y Tecnolo´gicas (CIEMAT), Madrid, Spain
jIstituto Nazionale di Fisica Nucleare, Bari, Italy
kJohann-Wolfgang-Goethe Universita¨t, Frankfurt, Germany
lCharles University, Prague, Czech Republic
mUniversity of Manchester, Oxford Road, Manchester, UK
nDepartment of Physics, Faculty of Science, University of Zagreb, Croatia
oUniversidade de Santiago de Compostela, Spain
pUniversitat Politecnica de Catalunya, Barcelona, Spain
qIstituto Nazionale di Fisica Nucleare, Laboratori Nazionali del Sud, Catania, Italy
rBhabha Atomic Research Centre (BARC), Mumbai, India
sInstituto de Fı´sica Corpuscular, CSIC-Universidad de Valencia, Spain
tPaul Scherrer Institut, Villigen PSI, Switzerland
uJoint Institute for Nuclear Research (JINR), Dubna, Russia
vHoria Hulubei National Institute of Physics and Nuclear Engineering - IFIN HH, Bucharest - Magurele, Romania
wInstitute of Physics and Power Engineering (IPPE), Obninsk, Russia
xJapan Atomic Energy Agency (JAEA), Tokyo, Japan
yEuropean Commission JRC, Institute for Reference Materials and Measurements, Retieseweg 111, B-2440 Geel, Belgium
zUniversity of York, Heslington, York, UK
aaKarlsruhe Institute of Technology, Campus Nord, Institut fu¨r Kernphysik, Karlsruhe, Germany
abTokyo Institute of Technology, Tokyo, Japan
acSchool of Physics and Astronomy, University of Edinburgh, Edinburgh, UK
adDipartimento di Fisica e Astronomia, Universita` di Bologna, Italy
aeIstituto Nazionale di Fisica Nucleare, Bologna, Italy
afAgenzia nazionale per le nuove tecnologie, l’energia e lo sviluppo economico sostenibile (ENEA), Bologna, Italy
agIstituto Nazionale di Fisica Nucleare, Laboratori Nazionali di Legnaro, Italy
ahIstituto Nazionale di Fisica Nucleare, Trieste, Italy
aiDipartimento di Fisica e Astronomia, Universita` di Catania, Italy
ajPhysikalisch Technische Bundesanstalt (PTB), Braunschweig, Germany
akUniversity of Ioannina, Ioannina, Greece
alUniversity of Vienna, Faculty of Physics, Austria
∗Corresponding author
Email address: christina.weiss@cern.ch (C. Weiß)
Preprint submitted to Nuclear Instruments and Methods A August 31, 2015
amUniversity of Granada, Spain
anUniversity of Hertfordshire, Hertfordshire, UK
aoAustralian National University, Canberra, Australia
Abstract
At the neutron time-of-flight facility n TOF at CERN a new vertical beam line was constructed in 2014, in order to extend the ex-
perimental possibilities at this facility to an even wider range of challenging cross-section measurements of interest in astrophysics,
nuclear technology and medical physics. The design of the beam line and the experimental hall were based on FLUKA Monte
Carlo simulations, aiming at maximizing the neutron flux, reducing the beam halo and minimizing the background from neutrons
interacting with the collimator or back-scattered in the beam dump.
The present paper gives an overview on the design of the beam line and the relevant elements and provides an outlook on the
expected performance regarding the neutron beam intensity, shape and energy resolution, as well as the neutron and photon back-
grounds.
Keywords: n TOF facility, Neutron time-of-flight, FLUKA, neutron cross-section measurement
1. Introduction
The neutron time-of-flight facility n TOF at CERN [1, 2] is
a pulsed white neutron source for high-accuracy neutron cross-
section measurements over a wide neutron energy range. The
neutrons are produced in a monolithic Pb-spallation target, where
a pulsed 20 GeV/c proton beam provided by the CERN Proton
Synchrotron (PS) [3] impinges with a maximum repetition rate
of 0.8 Hz. The primary proton beam has a width of rms = 7 ns.
The Pb-target is surrounded by an additional moderator layer, to
generate a neutron beam with energies ranging from thermal up
to several GeV. At the facility in operation since 2000 the mea-
surements take place in an experimental area placed at the end
of a horizontal beam line, 200 m in length. The experimental
conditions and neutron beam characteristics at this horizontal
flight path are presented in full detail in reference [4].
The horizontal 200 m flight path, with its record instantaneous
neutron beam intensity, has allowed very important cross-sections
to be measured, getting unprecedented energy resolution in both
neutron capture [5, 6] and fission [7] as well as extending the
measurement range to previously unreachable neutron energies
[8]. However, there are more challenging experiments that re-
quire an even more intense neutron beam.
In order to extend the experimental possibilities at the n TOF
facility for cross-section measurements of very low mass sam-
ples (< 1 mg), reactions with small cross-sections or highly ra-
dioactive samples [9], an additional vertical flight path of 20 m
with a significantly higher neutron flux was designed and con-
structed in 2014. The design and implementation of this new
beam line, with an outlook on the expected performance are the
subject of this paper. In Section 2 the final beam line config-
uration, as in operation at CERN since July 2014, is presented
with a description of the different elements. The expected char-
acteristics of the neutron beam and the background conditions,
determined by means of FLUKA Monte Carlo simulations, are
discussed in Section 3.
2. General Layout and technical Description
Figure 1: General layout of the vertical flight path, from the spallation target
to the beam dump. The different beam line elements with the position of their
entrance are indicated on the left.
The n TOF spallation target is installed in the TT2A tun-
nel at CERN. The spallation target was lowered to its current
position through an existing vertical shaft via a service gallery.
This shaft was now used to install the bottom part of the ver-
tical beam line which is presented here. From the roof of the
service gallery, at 12.6 m from the target center, to the ground, a
new concrete shaft with an inner diameter of 800 mm was built
during 2013. At ground level, 18.16 m above the spallation tar-
get, a new building was constructed, hosting the bunker with
the experimental area, an electronics room and two preparatory
rooms. The beam dump for this new vertical flight path is in-
stalled on the roof of the bunker. The existing service gallery is
used to house the magnet and the filter box of the beam line, as
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well as to allow the access to the 1st collimator.
The general layout with the different beam line elements is
shown in Figure 1. The distance to the spallation target cen-
ter for the different beam line elements, which are described in
further detail below, are listed in Table 1.
Table 1: Beam line elements and their position with respect to the center of the
n TOF spallation target.
Beam Line Element Distance to target center [m]
1st collimator 7.4 - 8.4 (d = 200 mm)
Magnet center 10.4
Filter box 11.4
2nd collimator 15.04 - 18.04 (d = 70 - 21.8 mm)
Experimental area 18.16 - 23.66
Beam dump 24.73
2.1. The Beam Line at the Level of the Spallation Target
The n TOF spallation target consists of a Pb cylinder 400 mm
in length and 600 mm in diameter, surrounded by a layer of
demineralized water acting as coolant and, only in the forward
direction, an additional moderator layer, usually filled with bo-
rated water in saturation. The target is surrounded by an Al
container and supported by an Al alloy structure. The support
structure has a polygonal opening on the top, to allow the low-
ering of a vacuum chamber for the vertical beam line down to
the level of the target.
The vacuum line of the vertical beam line has therefore a polyg-
onal section for the first 0.9 m, after which it opens to a circular
beam pipe with 317 mm inner diameter. The neutron window
at the bottom of the polygonal section is concave, to match the
shape of the spallation target. The neutron window at this level
is 1.5 mm in thickness and made of Al, leaving a gap of 10 mm
air between the window and the Al-housing of the target. Due
to technical constraints, the window is installed off-center with
respect to the center of the spallation target, as shown in Fig-
ure 2. The reference point, marking the center of the circular
beam pipe above, is 49 mm downstream and 100 mm to the
right with respect to the target center and the direction of the
impinging proton beam.
2.2. Collimation System
The neutron beam is shaped by two collimators:
• The 1st collimator is installed at 7.4 m above the target
inside the first vacuum pipe of the beam line. It consists
of a 1 m long Fe cylinder with 200 mm inner diameter. It
is suspended from the service gallery on 1.1 m long rods,
attached to a ring at the top of the corresponding vacuum
chamber.
• The 2nd collimator is installed at 15.04 m above the tar-
get, inside a large vacuum vessel with 680 mm outer
diameter. The vacuum vessel is suspended just below
Figure 2: Model of the n TOF spallation target seen from the top. The proton
beam is impinging from the lower edge on the picture. The neutron beam to-
wards the horizontal beam line leaves the target in the forwards direction. The
neutron window and the polygonal section of the vertical beam line are indi-
cated on the right. The reference point in red (cross) marks the center of the
vertical beam line.
the floor of the experimental hall. The different sections
of the collimator are resting on 4 steps inside this vac-
uum vessel. These steps serve as chicanes, avoiding the
streaming of neutrons to the experimental hall outside the
beam.
The collimator consists of 2 m Fe and 1 m borated polyethy-
lene (B-PE), where the last 0.4 m have a core of boron-
carbide (B4C) cylinders. The inner dimensions of the
collimator follow a step geometry, to approximate a con-
ical design. The inner diameters of the different steps are
listed in Table 2. The last section of this collimator is
shown in Figure 3, where the inner and outer step design
are noticeable.
Figure 3: Last meter of the second collimator installed inside the big vacuum
vessel which is supported 120 mm below the EAR2 floor. The B-PE part is
shown in green with the B4C core in the last 400 mm in light blue. The stainless
steel spheres, installed around the vacuum vessel for shielding purposes, are
indicated in light red. The first two steps inside the vacuum vessel, on which
the collimator rests, are visible at the sides of the collimator.
The exit of the second collimator is situated 120 mm below
the floor of the experimental area. Due to the geometry of the
collimation system and the close distance to the target, the neu-
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Table 2: Inner diameters (d) and material of the different sections of the 2nd
collimator. The position is given in distance to the spallation target center.
Position [m] (± 0.002) Material d [mm] (± 0.2)
15.04 - 15.29 Steel 70.0
15.29 - 15.54 Steel 66.0
15.54 - 15.79 Steel 61.8
15.79 - 16.04 Steel 57.6
16.04 - 16.29 Steel 53.4
16.29 - 16.54 Steel 49.4
16.54 - 16.79 Steel 45.2
16.79 - 17.04 Steel 41.0
17.04 - 17.14 B-PE 36.8
17.14 - 17.24 B-PE 35.2
17.24 - 17.34 B-PE 33.4
17.34 - 17.44 B-PE 31.8
17.44 - 17.54 B-PE 30.2
17.54 - 17.64 B-PE 28.4
17.64 - 17.74 B4C 26.8
17.74 - 17.84 B4C 25.2
17.84 - 17.94 B4C 23.4
17.94 - 18.04 B4C 21.8
tron beam halo is diverging by 1 mm over 100 mm distance to
the 2nd collimator exit, inside the experimental area. The focal
point, which is theoretically the position of the narrowest spa-
tial beam profile, is positioned at 1.08 m from the floor of the
experimental area (EAR2).
2.3. Shielding
Various shielding elements are installed along the beam line.
In their design, special care was taken to allow the dismantling
of the beam line, in order to leave the spallation target accessi-
ble for future upgrades and consolidation activities. The gaps
between the vacuum pipes and the shielding elements are min-
imized as much as mechanically possible.
The beam line shielding up to the experimental area consists of
the following elements:
• Shielding around the bottom part of the beam line: From
0.9 m above the spallation target, up to the floor of the
service gallery at 9.8 m, concrete shielding elements are
placed. Up to 7 m above the target the ducts for the
cooling system of the spallation target are installed in the
same shaft as the beam line. The concrete shielding ele-
ments at this level have recesses to let these ducts pass.
Above the position of the first collimator, at about 9 m
from the target, an additional Fe collar was installed around
the beam pipe in addition to the concrete shielding, to en-
hance the shielding at this level and reduce the radiation
level on the permanent magnet, which is installed just
above in the service gallery.
• Shielding around the middle part of the beam line: From
the roof of the service gallery at 12.6 m to the exit of
Figure 4: Pb shielding after the second collimator as installed by default inside
the first vacuum chambers in the experimental area. The section which contains
the vacuum valve is left without additional shielding.
the second collimator at 18.4 m, the beam line shielding
mainly consist of 4 tons of stainless steel spheres, 4.8 mm
in diameter, filling the volume between the vacuum ves-
sel containing the second collimator and the shaft walls.
The spheres can be removed by a special retaining sys-
tem at the roof of the service gallery.
An additional concrete ring 1.5 m in length and with an
inner diameter of 480 mm is installed in the shaft below
the big vacuum vessel.
• At the floor of the experimental area, 0.1 m thick plates
of Lithium-Polyethylene (Li-PE) are installed around the
beam pipe, covering the area of the shaft below, to absorb
thermalized neutrons.
In addition to the beam line shielding, additional elements are
installed inside the experimental area to reduce the background
contributions to the measurements.
• Right after the exit of the second collimator, Pb disks
are installed inside the vacuum chambers to reduce γ-
background coming from the last section of the collima-
tor. The inner diameters of the Pb disks are matched to
the diverging beam and can hence be understood as an
extension of the collimation system. The length of this
Pb-shielding can be adjusted to the needs. In Figure 4 the
default configuration of this shielding 0.57 m in effective
height are indicated.
• In the last vacuum pipe of the beam line, which is fixed
to the roof of the bunker just before the beam dump, a re-
movable shielding of 1 m length is installed, indicated in
Figure 5 in green. These shielding elements are designed
to reduce photons and neutrons streaming back from the
beam dump to the experimental setup. Their dimensions
match the beam optics at the entrance of the beam dump,
within 5 mm.
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Figure 5: Beam dump and last part of the EAR2 beam line. The last vac-
uum chamber contains additional shielding material (green) to reduce the back-
ground to the experiment from backscattered neutrons and photons. This cham-
ber is installed in the roof of the building and penetrates the core of the beam
dump. The beam dump, which is installed on the roof of the building contains
three layers, as explained in the text.
– A 50 mm Pb disk is positioned just below the last
window before the beam dump.
– B-PE cylinders with an inner diameter of 200 mm
are inserted in the vacuum chamber below the Pb
disk, over a length of 0.95 m.
– B4C cylinders with an inner diameter of 150 mm
are inserted additionally into the B-PE cylinders.
2.4. Beam Dump
The beam dump is installed on the roof of the building. It
consists of three layers to fully absorb the neutron beam and
to respect the dose rate for low-occupancy areas, 2.5 µSv/h,
outside the building. The beam dump was designed to respect
these limits for radiation protection even for a large diameter
beam produced with a 2nd collimator having an exit diameter of
200 mm instead of the current 21.8 mm.
• The core of the beam dump consists of a block of B-PE
to slow down and to capture neutrons, both from the pri-
mary impinging beam and neutrons which are backscat-
tered from the consecutive beam dump layers. The outer
dimensions of the core are 400 x 400 x 400 mm3. The B-
PE block has a cylindrical hole at the entrance, 250 mm
in height and 340 mm in diameter, where the last vacuum
chamber of the beam line is inserted.
• The B-PE core is surrounded by Fe blocks to absorb the
fast neutrons and photons of the beam. The outer dimen-
sions of the Fe part is 1600 x 1600 x 1600 mm3.
• The beam dump is finally shielded by concrete with outer
dimensions of 3200 x 3200 x 2400 mm3.
Figure 5 shows a cut through the 3D model of the last part of the
EAR2 beam line. The removable shielding elements inserted in
the last vacuum pipe, which extends inside the first part of the
beam dump, are indicated in green.
2.5. Permanent Magnet
To deflect all charged particles which originate from the
spallation process in the Pb-target before the experimental hall,
a permanent dipole magnet is installed 10.4 m above the spal-
lation target [10]. The magnet poles consist of an assembly
of 168 Sm2Co17 radiation resistant permanent magnet blocks,
with additional iron poles to smooth possible deviations of the
magnetization direction of the permanent magnet blocks. The
installation of additional Sm2Co17 blocks on each side of the
gap compensates radial stray field losses and improves the in-
tegrated field homogeneity. The assembly is installed inside a
steel return yoke.
The dipole magnet has an inner gap of 340 mm, where the vac-
uum pipe of the beam line is installed. The magnetic field in the
center of the magnet is 0.253(4) T, over the total dipole length
of 1.134 m. The integrated field of the magnet is 0.287 Tm.
The design constraints for the dipole magnet were based on
the expected charged particle spectra from FLUKA simulations
in the experimental hall. The results of these simulations are
shown in Figure 6. To deflect all charged particles from the
beam, a minimum integrated field of 0.2 Tm was calculated for
the nominal magnet position, given the maximum momentum
of 1.205 GeV/c for protons.
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Figure 6: Resulting charged particle spectra in the experimental hall from
FLUKA simulations if no magnet is installed in the beam line. The results
are normalized to a nominal proton beam intensity at n TOF of 7 · 1012 protons
per pulse (7e12 ppp). The maximum momentum for protons is 1.205 GeV/c.
2.6. Neutron Filters
A neutron filter station is installed 11.4 m above the spal-
lation target. It contains 8 filters which can be individually in-
serted into the neutron beam to blank out different neutron ener-
gies from the beam or attenuate the in-beam photons. The filter
station is remotely controlled from the n TOF control room.
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The available filters and the neutron energy of the correspond-
ing black resonances are listed in Table 3.
Table 3: Neutron filters installed in the filter box. The thickness of the materials
is given in brackets after the chemical element. All filters are 215 x 215 mm2
in area and mechanically supported only on the edges.
Slot Filter material Resonance energy
# (Thickness [mm]) [eV]
1 Mo (10) 45
W (8.0) 4, 19,184
Co (0.25) 132
2 Ag (0.50) 5.2
3 Bi (50) 800, 2300
4 Cd (0.50) thermal cut-off
5 Al (30) 5900, 35100
6 Al (80) 5900, 35100
7 Pb (20) γ-attenuation
8 Pb (10) γ-attenuation
2.7. Experimental Area (EAR2)
The bunker housing the experimental area, where the mea-
surements take place, has the floor located at a distance of 18.16 m
with respect to the center of the target, while the ceiling is at
23.66 m. The beam line elements from 0.2 - 3 m above the
floor of the area are easily exchangeable to meet the require-
ments of the different experiments. By default, the first me-
ter is reserved for the Pb shielding and a neutron flux monitor,
which are installed inside the vacuum pipes in the lowest sec-
tion of the experimental station. Removable vacuum pipes can
be mounted along the beam line, with sizes matching the di-
mension of the beam in order to allow a close geometry during
capture measurements, as illustrated in Figure 7 where the ex-
perimental setup during background measurements is shown.
A set of versatile support structures is available for the dif-
ferent detection systems in use, which are mounted on a pillar
system in the area. For capture measurements a remotely con-
trolled sample changer is mounted, to allow the change of the
samples during beam time.
The bunker is equipped with all necessary systems to be oper-
ated as Class A laboratory [11]. A dedicated ventilation system
keeps an under-pressure of −150 Pa with respect to atmospheric
pressure inside the experimental area, whereas the changing
room and the electronics room are held at -50 Pa and -100 Pa
respectively, ensuring an appropriate dynamic confinement.
3. Simulations and Expected Performance
The beam line design of the vertical flight path was based on
extensive Monte Carlo simulation studies [12, 13], which were
performed with the FLUKA code [14, 15], using the graphical
interface FLAIR [16]. The simulations focused especially on:
1. Studying the beam characteristics inside the experimental
area for different collimation systems.
Figure 7: The experimental station during background measurements with scin-
tillators.
2. Investigating experimental conditions for cross-section mea-
surements with various shielding compositions, in par-
ticular background simulations for capture experiments
with scintillators.
3. Evaluating radiation levels in areas neighboring the beam
line and the bunker, which have to comply with the offi-
cial CERN dose rate limits [17] for accessible zones.
In order to reduce the computing time for the various different
configurations, a two step approach was adopted in the simula-
tions. The spallation target with the impinging proton beam was
simulated in a first step to retrieve the information about parti-
cles exiting the target in the vertical direction. These particles
were used as source in the following simulations of different
beam line configurations.
The expected beam characteristics and experimental conditions
with the above presented beam line are discussed in the follow-
ing.
3.1. Neutron Flux Spectrum
The neutron flux spectrum, which represents the number of
neutrons per impinging proton pulse on the spallation target as
a function of neutron energy En, was simulated in the nomi-
nal sample position 1.6 m from the floor of the experimental
area. As discussed in the next section, at this position the neu-
tron beam profile has a full width at half maximum (FWHM) of
21 mm. In order to cover the full spatial beam profile, the sim-
ulated neutron flux was integrated over a surface 100 mm in di-
ameter to obtain the total number of neutrons. The results were
normalized to the nominal proton beam intensity of 7x1012 pro-
tons per pulse (ppp) at n TOF.
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Figure 8: Simulated neutron flux at a nominal sample position in the experi-
mental area. The dips in the spectrum are due to a significant amount of Al
with traces of Mn at the spallation target. The spectrum is normalized to the
nominal proton beam intensity at n TOF, 7x1012 protons per pulse.
The total flux energy distribution is illustrated in Figure 8. The
neutron evaporation peak is visible in the spectrum around En = 1 MeV.
The strong dips in the spectrum in the region 20 keV < En <
200 keV are due to the significant amount of Al at the target
level in the upwards direction. Additional dips are observed at
300 eV and 2 keV due to Mn traces in the aluminum-alloy used
for the structural elements at the target. The peak at low neu-
tron energies results from the thermalization of the neutrons in
the water surrounding the spallation target.
The integrated flux for different neutron energy decades is listed
in Table 4. The total number of neutrons per proton pulse
is 1.1x107 neutrons per 7x1012 protons impinging on target.
For comparison, the evaluated neutron fluence at the horizon-
tal flight path at n TOF (EAR1) [4], for a 2nd collimator exit
of d=18 mm for capture measurements and pure water as mod-
erator, is listed as well in Table 4. The highest neutron gain
at the vertical flight path is a factor 26 in the energy interval
1 < En < 10 keV.
In Figure 9 the neutron flux is shown as a function of time-
of-flight (TOF), together with the in-beam photon background.
The corresponding En are indicated with arrows for some TOF
values. The in-beam photon spectrum is discussed in further
detail in Section 3.3, together with the photon energy spectra
for the prompt and delayed photons.
3.2. Neutron Beam Profile
The neutron beam profile is dictated by the geometry and
distance of the 1st and 2nd collimator in the beam line. The fo-
cussing lines define the focal point, which is 1.08 m above the
floor of the experimental area. The defocussing lines of the ge-
ometry define the size of the beam halo along the height of the
experimental area. For the presented configuration, the halo is
diverging by 1 mm over 0.1 m increasing distance to the target.
The nominal sample position for capture measurements is lo-
cated at 1.6 m from the floor of the bunker, as the best com-
promise between beam profile and background conditions was
Table 4: Integrated neutron flux for different neutron energy decades, normal-
ized to 7x1012 protons per pulse, for both experimental areas at n TOF. The
evaluated neutron fluence at the horizontal flight path (EAR1) corresponds to
the capture measurement setup with pure water as moderator from reference
[4]. For neutron energies in the keV range the expected neutron flux is up to a
factor 26 higher at the vertical flight path.
EAR2 FLUKA EAR1 Evaluated
Neutron Energy Neutrons / Pulse Neutrons / Pulse
10 - 100 meV 1.5 x 106 1.0 x 105
0.1 - 1 eV 6.7 x 105 4.3 x 104
1 - 10 eV 5.2 x 105 2.7 x 104
10 - 100 eV 6.2 x 105 2.8 x 104
0.1 - 1 keV 6.8 x 105 2.9 x 104
1 - 10 keV 8.6 x 105 3.2 x 104
10 - 100 keV 1.2 x 106 4.4 x 104
0.1 - 1 MeV 3.0 x 106 1.3 x 105
1 - 10 MeV 1.7 x 106 1.5 x 105
10 - 100 MeV 4.7 x 105 5.0 x 104
0.1 - 1 GeV 1.6 x 105 4.7 x 104
Total 1.1 x 107 6.8 x 105
found for this height. At this position the neutron beam width is
21 mm FWHM. In Figure 10 the projected neutron beam profile
for thermal neutron energies at different heights in the experi-
mental room is shown, with the profile at the nominal sample
position drawn in ochre. The profile of the neutron beam at
6.6 m from the floor of the experimental area corresponds to
the beam profile at the entrance to the beam dump.
The neutron beam profile for different TOF decades is illus-
trated in Figure 11, for the nominal sample position. The beam
halo at this position is 50 mm in diameter, which is slightly less
than the 55 mm expected from the optical considerations. The
neutron background outside the beam is 4 − 5 orders of magni-
tude lower than at the peak of the beam profile.
Due to the small opening of the 2nd collimator, exact simu-
lations of the beam profile are difficult to retrieve from Monte
Carlo simulations for this geometry. Additional simulations of
a large 2nd collimator, having a diameter of 50 mm at the exit,
have shown that the neutron beam for En > 1 MeV is asym-
metric. A mirrored projection of the polygonal window above
the neutron target can be observed in the beam profile at these
high neutron energies. This is expected to be visible as well
with the currently presented collimator geometry.
3.3. Background Conditions
To estimate the background conditions, the in-beam photon
background was studied as well as the contributions coming
from different beam line elements and the bunker.
3.3.1. In-beam Photon Background
The in-beam photon background, i.e. the gamma-rays trav-
eling with the neutron beam can be divided in two parts:
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Figure 9: Neutron and photon fluence as function of TOF at the nominal sam-
ple position in the experimental area. The corresponding En is indicated for
different energies with arrows. The in-beam photon spectrum can be divided in
prompt and delayed γ.
• Prompt γ, originating from the spallation process in the
target, arrive at the experimental area in the first 200 ns,
as indicated in Figure 9. These photons are the main con-
tributors to the so-called ’γ-flash’, the first signal detected
by most of the detectors in the experimental area. As
shown in Figure 12, the photon energies Eγ are ranging
up to a few hundred MeV, where the dominant part is be-
low 10 MeV.
• Delayed γ, originating from the moderation process at
the target, are arriving at the experimental station up to
5 ms after the γ-flash. The dominant Eγ is 2.2 MeV, from
photons generated by neutron capture reactions on the 1H
isotopes present in the cooling water of the target. Addi-
tional peaks are observed in the Eγ-spectrum at 511 keV,
from e−+e+ annihilation, and in the range of 7 - 7.5 MeV,
from capture reactions in the target and surrounding ma-
terials (Pb, Fe and Al).
The detailed Eγ spectra of the in-beam photon background are
displayed in Figure 12.
3.3.2. Background Contribution from Beam Line Elements
Extensive studies have been performed to estimate the dif-
ferent background contributions coming from the beam line el-
ements and the experimental hall. A volume containing C6D6
liquid, a standard detector type for capture measurements at
n TOF, was included in the FLUKA geometry around the beam
pipe at 1.5 m above the floor of the experimental area, corre-
sponding to the nominal position of the detectors, which are
usually placed upstream of the capture sample. The energy de-
position by different particles in this volume was studied with
various shielding configurations to estimate the expected back-
ground conditions. A detailed discussion on the simulation re-
sults is published in Reference [18]. These background simu-
lations have led to the design of the various shielding elements
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Figure 10: Neutron beam profile projections at different heights in the exper-
imental area, for thermal neutron energies. The heights are given as distance
to the floor of the experimental hall. The beam profile at the nominal capture
sample position, 1.6 m from the floor, has FWHM = 21 mm. The neutron beam
enters the beam dump at 6.6 m from the floor.
and the choice for the materials in use in the 2nd collimator.
The results show that, in absence of shielding elements along
the beam line in the bunker, about 30% of the background orig-
inates from backscattered particles from the beam dump. The
remaining part of the background is caused by particle inter-
actions at the exit of the collimator. 35% of the background
is caused directly from particles streaming to the detector from
the exit of the collimator and the remaining 35% are contributed
indirectly from backscattered radiation from the walls of the
bunker. The shielding elements discussed in Section 2.3 were
introduced in order to reduce the background originating from
the beam dump and directly from the 2nd collimator.
The influence of mylar windows and air around the sample po-
sition on the energy deposition in the C6D6 detectors was stud-
ied as well and it was confirmed that the air gap contributes
more with increasing distance between the mylar windows at
the vacuum-air interface.
The energy deposition in the C6D6 volume in the final beam
line configuration and with a realistic experimental setup, in-
cluding two Mylar windows and an air gap of 50 mm at the
sample position, for 10 µs < TOF < 100 µs, is expected to be
Edep = 53.9 keV/cm3 ± 5% in total, where 22.5 keV/cm3 is due
to the neutron background.
3.4. Neutron Energy Resolution
At a neutron time-of-flight facility the kinetic energy of the
neutron is determined by measuring the time from the primary
beam impinging on the target to the detection of the signals
coming from neutron-induced reactions at the measuring sta-
tion and converting the resulting TOF to En. Because of the
neutron creation and moderation processes at the target and the
width of the impinging primary proton beam on the target, the
relation between TOF and En is represented by distributions of
a particular shape, rather than constant values.
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This relation of TOF and En for the vertical direction at the
n TOF spallation target is illustrated in Figure 13, where the
influence of the proton beam time spread (7 ns rms) is not in-
cluded. Neutrons of a given energy En arrive at the measure-
ment position with a specific time distribution, with the shape
of the distribution changing with En. These distributions repre-
sent the resolution function of the facility. The resolution func-
tion has to be well known for the high accuracy determination
of cross-sections. It can only be determined by extensive Monte
Carlo simulations, which are consecutively validated via exper-
iments.
The time distributions can equivalently be expressed in length,
where the effective flight path of the neutron is the sum of the
geometrical flight path L and an equivalent moderation length
λ [19]. The distributions of λ for three different En decades
is illustrated in Figure 14. It is apparent that the distributions
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Figure 13: TOF to En relation at 1.5 m above the n TOF spallation target, when
the proton beam width is not considered. The number of simulated counts
is encoded in color. Projections of the distributions at different En give the
resolution functions of the vertical flight path.
widen with increasing En. For the distribution corresponding to
En = 1 − 10 eV, a shoulder is appreciable on the distribution,
which is still observable for the range En = 0.1−1 keV. This is
caused by moderation processes in the different material layers
at the target (Al, H2O, Air).
Extensive simulations are yet to come for the final determi-
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Figure 14: Moderation length distributions for three different En-decades at the
vertical flight path. The shoulder on the distributions at lower En are due to
moderation processes in the materials surrounding the spallation target.
nation of the resolution functions for the vertical flight path,
where the shape of the tails will have to be studied in detail for
small En-ranges. The neutron energy resolution can be defined
via the relation(
∆En
En
)2
=
(
2∆λ
λ + L
)2
+
(
2∆T
T
)2
, (1)
where ∆λ is defined as the FWHM of the distributions in the dif-
ferent neutron energy ranges. ∆T represents the time spread of
the impinging primary proton beam, which dominates the neu-
tron energy resolution for En > 10 MeV. The currently available
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simulation results are still too limited in statistics and hence
only allow to give a first estimation of the neutron energy reso-
lution at the experimental area of the vertical flight path. If the
influence of the proton beam width is disregarded the neutron
energy resolution is expected to be
• ∆En/En ≈ 4x10−3 at En = 1 eV.
• ∆En/En ≈ 4x10−2 at En = 1 MeV.
The corresponding values for the neutron energy resolution at
the horizontal flight path are 3.2x10−4 and 5.3x10−3 for 1 eV
and 1 MeV respectively [4]. The difference in neutron energy
resolution of about one order of magnitude between the two
flight paths is coherent with the difference in flight path length
between the two areas, 20 m versus 200 m.
4. Summary and Conclusions
The new vertical flight path at the n TOF facility at CERN
was constructed in order to extend the experimental capabilities
at this facility to very challenging cross-section measurements,
i.e. for small mass or for high-activity radioactive samples. It is
in operation and under commissioning since summer 2014. In
this paper the technical design of the beam line and the expected
performance in the new experimental station were presented.
The experimental area at this new vertical beam line is located
18 m above the Pb-spallation target. The neutron beam is shaped
by two collimators in the beam line, where the exit diameter of
the 2nd collimator is 21.8 mm. Charged particles coming from
spallation processes in the target, are deflected from the beam
by a permanent dipole magnet with 0.287 Tm, located 10 m
above the spallation target. A neutron filter station is as well
available in this beam line to blank out certain neutron ener-
gies from the neutron spectrum. To achieve optimal background
conditions, a sophisticated shielding system was implemented
around the beam line and inside the experimental room.
The beam line design was based on extensive FLUKA Monte
Carlo simulations. The new flight path offers a neutron spec-
trum from thermal neutron energies up to hundreds of MeV
with a very high instantaneous flux. The integrated neutron
flux is 1.1x107 neutrons per 7x1012 protons impinging on tar-
get. The neutron flux at the vertical flight path is significantly
higher than the available flux at the horizontal flight path at
n TOF for a comparable beam size, where the maximum neu-
tron gain, with a factor 26, is available for 1 < En < 10 keV.
The neutron beam profile changes strongly as a function of dis-
tance from the floor of the experimental room. At the nominal
sample position 1.6 m above the floor, the projected beam pro-
file has FWHM = 21 mm for thermal neutron energies. With
all shielding elements installed in the beam line, the neutron
background outside the beam halo is 4 - 5 orders of magnitude
smaller than the neutron flux at the peak of the beam profile.
The expected background conditions for cross-section measure-
ments from in-beam γ and the contributions of the different
beam line elements have been estimated by means of FLUKA
simulations. The in-beam photon energy spectra is dominated
by the Eγ = 2.2 MeV energy in the delayed γ-spectrum.
The expected neutron energy resolution is ∆En/En ≈ 4x10−3
at En = 1 eV. Consistent with the difference in flight path
length, the neutron energy resolution is approximately one or-
der of magnitude better in the horizontal flight path of 200 m at
n TOF.
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